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PIP Kinase I Is the Major PI(4,5)P2
Synthesizing Enzyme at the Synapse
Cremona and De Camilli, 2001). Through these mecha-
nisms, they control many intracellular processes includ-
ing membrane traffic (De Camilli et al., 1996; Martin,
Markus R. Wenk,1 Lorenzo Pellegrini,1
Vadim A. Klenchin,2 Gilbert Di Paolo,1
Sunghoe Chang,1 Laurie Daniell,1
1998). A basis for the regulatory function of these lipidsManabu Arioka,2,4 Thomas F. Martin,2
is their heterogeneous distribution within membranesand Pietro De Camilli1,3
and their rapid turnover.1 Howard Hughes Medical Institute
At the synapse, PI(4,5)P2 is thought to have importantand Department of Cell Biology
roles both in exocytosis and in endocytosis that areYale University School of Medicine
independent from its phospholipase C-mediated cleav-New Haven, Connecticut 06511
age (Eberhard et al., 1990). Ca2-dependent neurotrans-2 Department of Biochemistry
mitter release from dense core vesicles requires an ATP-University of Wisconsin, Madison
dependent priming step. Both the phosphatidylinositolMadison, Wisconsin 53706
transfer protein and a PI(4)P 5-kinase are required for
this priming, indicating PI(4,5)P2 involvement (Hay et al.,
1995). Furthermore, PI 4-kinases were reported to beSummary
associated with both dense core granules and synaptic
vesicles (Wiedemann et al., 1996, 1998; Barylko et al.,Disruption of the presynaptically enriched polyphos-
2001). While the precise role of these phosphoinositides,phoinositide phosphatase synaptojanin 1 leads to an in-
and more specifically PI(4,5)P2, in secretory vesiclescrease of clathrin-coated intermediates and of polymer-
docking and fusion remains to be determined, a numberized actin at endocytic zones of nerve terminals. These
of nerve terminal proteins were shown to bind them viachanges correlate with elevated levels of PI(4,5)P2 in
C2 or PH domains. These include proteins of the vesicleneurons. We report that phosphatidylinositol phos-
membrane, such as synaptotagmin (Schiavo et al., 1996;phate kinase type I (PIPKI), a major brain PI(4)P
Mikoshiba et al., 1999) and rabphilin 3A (Chung et al.,5-kinase, is concentrated at synapses. Synaptojanin
1998), and cytoplasmic regulators of exocytosis, such1 and PIPKI antagonize each other in the recruitment
as proteins of the Mint family (Okamoto and Sudhof,of clathrin coats to lipid membranes. Like synaptojanin
1997) and CAPS, a factor required for the Ca2-depen-1 and other proteins involved in endocytosis, PIPKI
dent secretion of dense core granules (Walent et al.,undergoes stimulation-dependent dephosphorylation.
1992; Rupnik et al., 2000).These results implicate PIPKI in the synthesis of a
A number of studies point to a role for PI(4,5)P2 inPI(4,5)P2 pool that acts as a positive regulator of
clathrin-mediated endocytosis of synaptic vesicle mem-clathrin coat recruitment and actin function at the
branes. The localization and GTPase activity of dynaminsynapse.
are regulated by binding of its PH domain to PI(4,5)P2
(Zheng et al., 1996; Vallis et al., 1999). The clathrin adap-
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tor AP-2 binds PI(4,5)P2, and this interaction is required
for AP-2 adaptor function (Gaidarov and Keen, 1999).
As first reported in the 1950s, a major effect of stimu- ENTH domains, found in the accessory clathrin adaptor
lation in a variety of cells as well as in synaptosomes AP180 and in other proteins implicated in the regulation
is an increased turnover of phosphatidylinositol and its of clathrin coats, also bind PI(4,5)P2 (Hao et al., 1997;
phosphorylated derivatives (collectively called phos- Hyman et al., 2000; Ford et al., 2001; Itoh et al., 2001).
phoinositides) (Hawthorne and Pickard, 1977; Hokin, Furthermore, PI(4,5)P2 was reported to be required for
1985). A major phosphoinositide species involved in endocytosis in broken cell preparations (Jost et al.,
these changes is phosphatidylinositol-(4,5)-bisphos- 1998). Taken together, these observations suggest a
phate, PI(4,5)P2. PI(4,5)P2 is a substrate for phospholi- critical role for PI(4,5)P2 in the nucleation and stabiliza-
pase C, which cleaves it into the second messengers tion of clathrin coats at the synapse. PI(3,4,5)P3 may
diacylglycerol and Ins(1,4,5)P3, as well as for PI(4,5)P2- also synergize with PI(4,5)P2 in some of these effects
kinases and PI(4,5)P2-phosphatases that generate other (Hao et al., 1997; Rapoport et al., 1997; Prior and Clague,
phosphoinositides (Berridge, 1993; Fruman et al., 1998; 1999; Gaidarov et al., 2001).
Majerus et al., 1999). In recent years, these lipids them- PI(4,5)P2 plays an important function in the nucleation
selves, including PI(4,5)P2, were found to be potent cellu- of actin from membranes via its binding to a variety of
lar effectors. Via their phosphorylated head group, they proteins that control actin dynamics (for a recent review,
bind a variety of proteins and regulate their function see Sechi and Wehland, 2000). A functional link between
and/or localization. For example, they play a central role actin and endocytosis is strongly suggested by a num-
in the assembly of signaling scaffolds, in the nucleation ber of observations including genetic evidence in yeast
of actin, and in the recruitment of coats to membranes (Geli and Riezman, 1996; Munn, 2001) and the presence
(Toker, 1998; Czech, 2000; Sechi and Wehland, 2000; of actin at endocytic zones of synapses (J. Gustafsson
et al., 1998, Soc. Neurosci., abstract; Roos and Kelly,
1999; Brodin et al., 2000; Dunaevsky and Connor, 2000;3 Correspondence: pietro.decamilli@yale.edu
Gad et al., 2000). Although the precise function of this4 Permanent address: Department of Biotechnology, The University
of Tokyo, 111 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan. actin pool in endocytosis remains unclear, its regulation
Neuron
80
by phosphoinositides may represent an additional
mechanism of control for presynaptic function and syn-
aptic vesicle traffic.
Strong physiological evidence for these putative roles
of PI(4,5)P2 at the presynapse came from the identifica-
tion and characterization of a polyphosphoinositide
phosphatase concentrated at nerve terminals, synapto-
janin 1 (McPherson et al., 1996). Synaptojanin 1 dephos-
phorylates PI(4,5)P2 (in addition to other inositides) and
acts as a negative regulator of coat-membrane and ac-
tin-membrane interactions. Genetic deletion of this en-
zyme in mice and C. elegans, or acute disruption of its
function by microinjection at a giant synapse, result in
an increase of the number of clathrin coats and in a
hypertrophy of the actin cytoskeleton at endocytic
zones (Cremona et al., 1999; Gad et al., 2000; Harris et Figure 1. PIPKI Is Expressed Specifically in Brain
al., 2000). These changes correlate with an increase in Western blot analysis of total homogenates from rat tissues with
the level of PI(4,5)P2 in neurons of synaptojanin 1 knock- isoform-specific antibodies against PIP kinases and with antibodies
out mice (Cremona et al., 1999). to control proteins. The weak band visible in the PIPKI blot of
spleen migrates slightly slower than PIPKI in brain.These findings have suggested a model in which a
PI(4,5)P2 pool that plays an important role first in exo-
cytosis and then in endocytosis is subsequently de-
graded by synaptojanin 1. The model implies the exis- 2000). In contrast, antibodies to all other PIP kinases
tence of PI kinases, which replenish this synaptojanin tested (including PIPKI, PIPKI, and PIPKII), revealed
1 sensitive PI(4,5)P2 pool. PIP2 is synthesized by phos- a widespread tissue distribution, in agreement with pre-
phatidylinositolphosphate kinases (PIPK), which can vious results (Loijens and Anderson, 1996) (Figure 1 and
synthesize all known isomers (Rameh et al., 1997; Zhang not shown).
et al., 1997; Tolias et al., 1998). They constitute a family We next investigated whether PIPKI is concentrated
of proteins that are conserved throughout the animal at synapses. Immunofluorescence of rat brain sections
and plant kingdom and, based on their substrate prefer- taken from the brain stem and stained with anti-PIPKI
ences, are categorized into two main groups, type I and antibodies showed a concentration of the enzyme in
II PIP kinases (Anderson et al., 1999). We report here that the gray matter, which is the brain region enriched in
PIP kinase I (Ishihara et al., 1998) is a major regulator of synapses (data not show). Variable degrees of cytosolic
PI(4,5)P2 at the synapse. Our findings suggest that this staining was observed in most neurons (Figures 2a and
enzyme may cooperate with synaptojanin in the regula- 2c). Superimposed on this staining, an overlap of PIPK
tion of actin and synaptic vesicle traffic. immunoreactivity with the distribution of presynaptically
enriched proteins, for example, synaptojanin I (McPher-
son et al., 1996) (Figures 2a and 2b), amphiphysin 1Results
(Slepnev and De Camilli, 2000) (Figures 2c–2f), and sy-
naptobrevin/VAMP (Baumert et al., 1989) (Figures 2gGiven the reported presence on synaptic vesicles of a
PI 4-kinase (Wiedemann et al., 1998) and the putative and 2h), was observed at several brain regions, sug-
gesting a concentration at synapses.role of a type I PIP kinase (PIPKI) in neurosecretion (Hay
et al., 1995), we speculated that a member of this protein We also analyzed the relative contribution of PIPKI
to total cytosolic PIP kinase activity in brain becausefamily may be responsible for the generation of the
PI(4,5)P2 pool implicated in clathrin-mediated endocyto- an enzyme that participates in membrane traffic at the
synapse is expected to be a major brain enzyme. Lipo-sis at the synapse. PIPKIs prefer PI(4)P as a substrate
and phosphorylate the inositol ring at the 5 position somes composed of a brain lipid extract were incubated
with rat brain cytosol, or PIPKI-immunodepleted and(Zhang et al., 1997; Tolias et al., 1998), in contrast to
type II PIP kinases (PIPKIIs) which prefer PI(5)P as a mock-depleted cytosol (Figure 3A) in the presence of
[32P]ATP. The resulting reaction products were ana-substrate but yield the same product, PI(4,5)P2 (Rameh
et al., 1997). Of the three known PIPKIs, only one, the lyzed by thin layer chromatography (Figure 3B). Of the
major spots visible in the autoradiograph (phosphatidic isoform (PIPKI), was reported to be preferentially
expressed in the nervous system, based on Northern acid (PA), PIP and PIP2), only PIP2 was changed (Figures
3B and 3C). Based on quantitative autoradiography, theblot analysis (Ishihara et al., 1998). We tested therefore
whether the PIPKI protein is also specifically concen- intensity of this spot in the immunodepleted sample was
only 25% of the control value, demonstrating that PIPKItrated in brain, as expected for an enzyme, which plays
a major role at the synapse. Western blotting of several represents the major PIP2 generating activity in mamma-
lian cytosol. These findings are consistent with an impor-tissues with antibodies directed against recombinant
PIPKI recognized a doublet of bands at around 90 kDa, tant role of PIPKI in synaptic function.
Although PIPKI was previously shown to have thewhich were very abundant in brain, but undetectable,
under the conditions used, in other tissues (Figure 1). properties of a type I kinase (Ishihara et al., 1998), its
precise substrate specificity and the products that itThis tissue distribution is the same as that of synapto-
physin, a neuron-specific protein (Sudhof and Scheller, generates were not investigated systematically. To de-
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Figure 2. PIPKI Is Concentrated at Synapses
Double immunofluorescence for PIPKI and synaptic markers, synaptojanin 1, amphiphysin 1, and synaptobrevin 2 in frozen sections of rat
brain. Neurons in the brainstem are shown at various magnifications. Immunoreactive structures (white) represent axo-somatic (arrowheads)
and axo-dendritic synapses. Scale bar, 15 m for (a)–(c) and 10 for (e)–(g).
termine them, PIPKI produced in insect cells was PI(3,4,5)P3 (Figure 4A). This substrate preference is very
similar to that previously reported for PIPKI and PIPKIincubated with synthetic inositol phospholipids and
[32P]ATP. Reaction products were then separated by (for a review see, Anderson et al., 1999). When PIPKI
was tested against crude brain lipid mixtures, the onlythin layer chromatography, or deacylated and analyzed
by HPLC (Figure 4A). PI(4)P was the preferred substrate, detectable reaction product was PI(4,5)P2, reflecting
both the relative high abundance of PI(4)P in such ex-yielding exclusively PI(4,5)P2. PI(3)P and PI(3,4)P2 could
also function as substrates, but with much lower effi- tracts as well as the strong preference of PIPKI for
PI(4)P (Anderson et al., 1999) (Figure 4B). Incubation ofciency. PI(3,4)P2 yielded PI(3,4,5)P3, while PI(3)P yielded
multiple products, namely PI(3,5)P2, PI(3,4)P2, and brain cytosol instead of purified PIPKI with the same
Figure 3. PIPKI Accounts for the Majority of
PIP2-Synthesizing Activity in Brain Cytosol
(A) Western blot analysis of cytosol (starting
material, SM), of cytosol immunodepleted
with anti PIPKI antibody (PIPKI), or mock-
depleted with control IgGs (ctrl IgG). (B) Auto-
radiograph of thin layer chromatography of
lipid products generated by the incubation of
a brain lipid extract with [32P]ATP and with
the cytosolic fractions described in (A). PA,
phosphatidic acid. X represents an unidenti-
fied lipid. Radioactivity associated with PIP
and PIP2 was quantified and is shown in panel
(C) (mean  S.D., n  3).
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Figure 4. Substrate Preference of PIPKI
(A) Autoradiograph of a thin layer chromatog-
raphy plate showing reaction products of in
vitro kinase reactions using recombinant PIP-
KI, synthetic lipid substrates, and [32P]ATP.
Also shown are HPLC chromatograms of re-
action products and individual spots after de-
acylation and a quantification of reaction
products formed for each reaction (n  3).
(B) HPLC analysis of reaction products from
incubations of a crude brain lipid mixture with
recombinant PIPKI alone, rat brain cytosol
(cytosol), or rat brain cytosol supplemented
with PIPKI.
lipid mixtures could generate 32P-labeled PA, PI(3)P, and with clathrin coats and actin (Cremona et al., 1999; Gad
et al., 2000; Harris et al., 2000). It was therefore of interestPI(4)P in addition to PI(4,5)P2, but addition of recombi-
nant PIPKI to the cytosol increased selectively the pro- to determine whether PIPKI can antagonize these ac-
tions of synaptojanin 1.duction of PI(4,5)P2. Finally, as shown by the thin layer
chromatography of Figure 3B, and further confirmed by To address a potential opposite role of PIPKI and
synaptojanin 1 on coat formation, we employed a cellHPLC analysis (not shown), the only phosphoinositide
species whose synthesis is decreased in PIPKI- free assay previously developed by us to study coat-
bilayer interactions. The assay involves the incubationdepleted cytosol is PI(4,5)P2.
Collectively, these results indicate that the major func- of liposomes composed of crude brain lipid extracts
with brain cytosol and nucleotides (ATP or [32P]ATPtion of PIPKI in brain is to generate PI(4,5)P2, that PIPKI
is the main PI(4,5)P2-synthesizing enzyme in brain cyto- and GTP) under conditions which allow turnover of
phosphoinositides and clathrin coat nucleation (Cre-sol, and that a main site of action of PIPKI is at the
synapse. These results mirror the observation that sy- mona et al., 1999). The addition of PIPKI to mouse
brain cytosol resulted in a higher incorporation of [32P]naptojanin 1, also concentrated at the synapse, repre-
sents the dominant PI(4,5)P2 phosphatase activity in in PI(4,5)P2 (Figure 5A). A similar increase in PI(4,5)P2
was observed when wild-type cytosol was replaced withmammalian brain (Woscholski et al., 1997; Cremona et
al., 1999). They suggest that PIPKI plays a major role the brain cytosol of synaptojanin 1 knockout (KO) mice,
indicating that the action of a PIP kinase no longer wasin replenishing a synaptojanin 1-sensitive PI(4,5)P2 pool.
Synaptojanin 1 was localized at coated endocytic inter- antagonized by synaptojanin 1. This increase however
was abolished by immunodepletion of PIPKI from themediates (Haffner et al., 1997) and was proposed to act
as a negative regulator of interactions of membranes synaptojanin 1 KO cytosol, strongly suggesting that PIP-
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protein of synaptic vesicles, synaptophysin [Sudhof and
Scheller, 2000], from the cytosol, LS2). It was not en-
riched in LP2, which represents a crude synaptic vesicle
fraction, thus speaking against a primary role of PIPKI
on synaptic vesicles. The LP2 fraction, as expected,
was enriched in synaptophysin, an integral membrane
protein of synaptic vesicles, and in synapsin, a synaptic
vesicle-associated protein (De Camilli et al., 1983; Hutt-
ner et al., 1983). On the contrary, the distribution of
PIPKIwas somewhat similar to the distribution of other
cytosolic proteins, which are recruited to the mem-
branes during activation of the synaptic vesicle cycle,
such as dynamin 1, synaptojanin 1, and amphiphysin 1.
These findings are consistent with a function of PIPKI
downstream to synaptic vesicle exocytosis. Further-
more, PIPKI is strongly de-enriched in a fraction con-
centrated with clathrin-coated vesicles (CCV), sug-
gesting that the kinase is not an intrinsic component of
clathrin-coated vesicles (Figure 6B).
We complemented this analysis by morphological
studies at the electron microscopic level. First, we per-
formed pre-embedding immunogold labeling of rat brain
synaptosomes that had been hypotonically fixed (De
Camilli et al., 1983) to allow antibody penetration. Anti-
PIPKI immunogold was partially associated with the
plasma membrane (Figure 6C, a and b). In these prepara-
tions, the immunogold sparse among synaptic vesicles
Figure 5. Antagonistic Effect of Synaptojanin 1 and PIPKI on may represent the cytosolic pool of PIPKI. In order
PI(4,5)P2 Levels and Clathrin Coat Recruitment in a Cell-Free Assay to analyze the spatial relationship between PIPKI and
(A) Percent radioactivity incorporated in PI(4,5)P2 after incubation coated endocytic intermediates, synaptosomal mem-
of liposomes for 10 min at 37	C with [32P]ATP, GTP, and one of the branes were incubated prior to fixation and immuno-
following mouse brain cytosolic extracts: wild-type (WT) cytosol, labeling with brain cytosol in the presence of ATP and
wild-type cytosol supplemented with recombinant PIPKI, synapto-
GTPS. This approach allows reconstitution and optimaljanin 1 knockout cytosol (KO cytosol), and synaptojanin 1 knockout
immunolabeling of endocytic intermediates and hascytosol immunodepleted of PIPKI. (B) Western blot analysis of the
been used to study the localization of a number of cyto-starting cytosols (starting material, SM, lanes 1–4) and of material
bound to sedimented liposomes after incubation (bound, lanes 5–8). solic proteins recruited to the membrane during endocy-
Higher levels of AP-2 (-adaptin) and clathrin heavy chain (clathrin tosis (Takei et al., 1996; Bauerfeind et al., 1997; Haffner
HC), but not of a control protein tubulin, are associated with lipo- et al., 1997). We observed a strikingly selective localiza-
somes after the incubation with wild-type cytosol complemented tion of PIPKI immunoreactivity on membrane regions
with PIPKI or synaptojanin 1 knockout cytosol.
directly adjacent to clathrin-coated buds (Figure 6C, c and
d), while synaptic vesicles were consistently unlabeled
(not shown), strongly supporting a role of PIPKI in the
KI is such a kinase (Figure 5A). The different levels of generation of a PI(4,5)P2 pool needed for clathrin coat
PI(4,5)P2 correlated with differences in the recovery of recruitment. Filamentous cytoskeletal material, found to
clathrin and of the endocytic clathrin adaptor AP-2 onto represent actin by immunogold labeling (Figure 6C, e),
the sedimented liposomes. More specifically, higher lev- was always present and concentrated at these sites, in
els of these coat proteins were bound to liposomes agreement with a role for PI(4,5)P2 in the nucleation
incubated with wild-type cytosol supplemented with of actin, as reported by numerous studies (Sechi and
PIPKI or with the synaptojanin 1 knockout cytosol (Fig- Wehland, 2000).
ure 5, lanes 6 and 7). A control protein, tubulin, bound The depolarization-dependent stimulation of nerve
equally to liposomes in all conditions (Figure 5B). These terminals leads to a change in phosphorylation of a
results demonstrate the antagonistic effect of the two variety of proteins, and generally to the Ca2-dependent
enzymes both on PI(4,5)P2 levels and clathrin coat re- dephosphorylation of proteins implicated in endocyto-
cruitment. They support the hypothesis that PIPKI may sis, including synaptojanin 1 (Liu et al., 1994; McPherson
generate the PI(4,5)P2 pool implicated in clathrin coat et al., 1994; Bauerfeind et al., 1997; Chen et al., 1999).
nucleation. Their dephosphorylation accounts, at least in part, for
We next investigated the subcellular localization of their regulation and assembly at endocytic sites (Liu et
PIPKI at the synapse by subcellular fractionation. The al., 1994; Slepnev et al., 1998; Chen et al., 1999). We
distribution of PIPKI and other well-characterized syn- examined whether nerve terminal depolarization leads
aptic markers was analyzed by Western blotting in sub- to a change in the electrophoretic motility of PIPKI
cellular fractions of rat brain (Huttner et al., 1983) (Figure which may reflect a change in its phosphorylation state.
6A). PIPKIwas enriched in synaptosomes (P2) and was We used treatment of rat brain synaptosomes with high
present both in membrane and soluble fractions (note K as a mimic of nerve terminal depolarization and subse-
quently examined the mobility of PIPKI by SDS-PAGEfor comparison the absence of the intrinsic membrane
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Figure 6. Subcellular Distribution of PIPKI
(A) Western blot analysis of subcellular frac-
tions of a rat brain homogenate (H) with anti-
bodies directed against PIPKI and other
neuronal proteins prepared according to
Huttner et al. (1983). The pellet of the second
centrifugation (P2) are crude synaptosomes,
which after lysis yield fast and slowly sedi-
menting membrane fractions denoted LP1
and LP2, respectively. LS2 contains only sol-
uble proteins. The LP2 fraction is highly en-
riched in synaptic vesicles. Note the enrich-
ment of synaptophysin and synapsin, but not
of PIPKI, in this fraction. (B) De-enrichment
of PIPKI in a fraction of clathrin-coated vesi-
cles (CCV) prepared according to Maycox et
al. (1992). (C) Immunogold labeling of PIPKI
in hypotonically lysed rat brain synapto-
somes (a and b). Arrowheads point to the
intersynaptic space. Immunogold shows a
sparse distribution in the cytosol (a) and is
partially associated with the plasma mem-
brane (b). Synaptic membranes were incu-
bated with cytosol, ATP, and GTPS to en-
hance the formation of coated endocytic
intermediates (c–e). In the PIPKI-stained
fields, the actin matrix is indicated by a small
asterisk. Clathrin is indicated by arrows.
Scale bar, 200 nm for (c)–(e) and 150 nm for
(a) and (b).
and Western blotting. Amphiphysin 1, previously shown pendent on Ca2 influx upon depolarization of synapto-
somes (Figure 7B).to undergo depolarization-dependent dephosphoryla-
tion and a corresponding mobility shift (Bauerfeind et
al., 1997; Slepnev et al., 1998), was used as a control Discussion
(Figure 7A). PIPKI from resting synaptosomes migrated
as a cluster of bands and stimulation resulted in a partial The results reported in this study provide evidence for
an important role of PI(4,5)P2 in the regulation of presyn-downward shift of the upper bands. A similar effect was
observed for amphiphysin 1 as expected. PIPKI bands aptic function. A stimulation-dependent increase in
phosphoinositide metabolism at synapses has beencould be collapsed primarily into one band after treat-
ment of the extracts with calf intestinal phosphatase known for several decades. This effect has recently been
clearly linked, at least in part, to a direct regulation of(CIP), proving that the heterogeneous motility of the
protein is due to phosphorylation (Figure 7A). As in the the nerve terminal cytoskeleton and membrane traffic
by inositol phospholipids.case of amphiphysin 1 (Bauerfeind et al., 1997), the de-
crease in the amount of phosphorylated kinase was de- The PIP kinase investigated here represents a major
PIP Kinase I at the Synapse
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the PH domain of PLC
 as a reporter, indicating that
the bulk of PI(4,5)P2 is at the plasma membrane (Stauffer
et al., 1998; Varnai and Balla, 1998; Holz et al., 2000). It
also agrees with a previous study reporting the enrich-
ment of a PI(4)P 5-kinase activity on the plasma mem-
brane but not on synaptic vesicles (Wiedemann et al.,
1998). It raises the questions of which may be the origin
of the PI(4)P, which serves as a substrate for the kinase.
Two potential sources of PI(4)P, synaptic vesicles and
the plasma membrane, have to be considered. Occur-
rence of PI(4)P on synaptic vesicles is implicit in the
presence of a synaptic vesicle-associated PI(4) kinase
(Wiedemann et al., 1998). Similarly, a PI(4)P kinase (type
II) has been described on secretory granule membranes
(Barylko et al., 2001). It was the presence of these activi-
ties that had prompted us to search for a type I PIP
kinase, i.e., a PI(4)P 5-kinase, as an enzyme upstream
of synaptojanin 1. This PI(4)P pool would be accessible
to PIPKI after docking or fusion of the synaptic vesicle
with the plasma membrane. Alternatively, or in addition,
since several PI 4-kinases have been characterized (To-
Figure 7. Depolarization- and Ca2-Dependent Dephosphorylation lias and Cantley, 1999) and even the type II PI 4-kinase
of PIPKI
mentioned above (Barylko et al., 2001) was recently de-
Synaptosomes from rat brain were incubated for 1 min in control tected in plasma membrane fractions (Minogue et al.,
or high K buffer (high K) and protein extracts were analyzed by
2001), PIPKImay use a pool of PI(4)P generated directlySDS-PAGE and Western blotting with antibodies directed against
in the plasma membrane. PI(4,5)P2 synthesis via a typePIPKI and amphiphysin 1. (A) Amphiphysin 1 and PIPKI run as a
I PIP kinase, most likely PIPKI, was previously showndoublet and triplet of bands, respectively. The upper bands collapse
into the lower band after stimulation with high K. After treatment to be required for exocytosis of dense core vesicles in
of the extracts with calf intestinal phosphatase (CIP), all PIPKI broken neuroendocrine cells (Hay et al., 1995), and re-
bands are collapsed into the lower one. (B) Synaptosomes were cent studies indicate that this PI(4,5)P2 pool resides onincubated in either control or high K buffer and with or without
the plasma membrane (Holz et al., 2000; K.M. Loyet,Ca2. The stimulation-dependent dephosphorylation of PIPKI and
J.A. Kowalchyk, and T.F.J. Martin, unpublished results).amphiphysin 1 is dependent on Ca2 influx.
It is still unclear whether the requirement for PI(4,5)P2
synthesis applies only to dense core vesicles or also
PI(4,5)P2-synthesizing enzyme in brain cytosol. Its con- to synaptic vesicle exocytosis (Martin, 1997). However,
centration at synapses underscores the critical role of generally these results suggest that at least a pool of
PI(4,5)P2 in synaptic function. At least in vitro, this en- the PI(4)P, which functions as a substrate for PIPKI,
zyme, like other type I PIP kinases, can generate resides on the plasma membrane.
PI(3,4,5)P3, PI(3,4)P2, PI(3,5)P2 in addition to PI(4,5)P2 PI(4,5)P2 stimulates actin nucleation via its interaction
(Zhang et al., 1997; Tolias et al., 1998; Anderson et al., with a large number of actin regulatory proteins (Sechi
1999). Given the low levels of these 3-phosphorylated and Wehland, 2000). The dual role of PI(4,5)P2 in the
phosphoinositides in brain, the physiological signifi- recruitment of clathrin coats and actin may explain in
cance of these potential products of PIPKI remains to part the close anatomical link between clathrin and actin
be investigated. It is likely that some of the PI(4,5)P2 observed at synapses, primarily at the endocytic sites
generated by PIPKI may serve as a substrate for phos- which surround the active zones of secretion (J. Gustafs-
pholipase C. However, the concentration of this kinase son et al., 1998, Soc. Neurosci., abstract; Roos and
in close proximity to clathrin-coated buds and actin- Kelly, 1999; Brodin et al., 2000; Dunaevsky and Connor,
rich membrane microdomains favors the hypothesis that 2000; Gad et al., 2000). Previously, we had shown that
at least a pool of PI(4,5)P2 may help to nucleate clathrin synaptojanin 1 disruption results in the proliferation of
coats and actin. A role of PI(4,5)P2 in endocytosis agrees the actin cytoskeleton at these sites (Cremona et al.,
1999; Gad et al., 2000). These findings strongly suggestwith many recent studies, primarily based on the use of
Figure 8. Cartoon Depicting the Relationship
between PI(4,5)P2 Metabolism and Vesicle
Traffic at the Synapse
Schematic drawing illustrating the occur-
rence of a cycle of PI(4,5)P2 synthesis and
hydrolysis at the synapse, which correlates
with the exo-endocytosis of synaptic vesicles
(SV). Clathrin-coated vesicle (CCV).
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that actin and clathrin at endocytic zones of synapses help to nucleate the actin cytoskeleton, which cooper-
are critically regulated by a pool of PI(4,5)P2 that is con- ates with the endocytic reaction. Furthermore, it could
trolled by a balance between the activity of PIPKI and of help recruiting the GTPase dynamin, via its PI(4,5)P2
synaptojanin 1. Not only clathrin-mediated endocytosis binding PH domain and other accessory factors. Finally,
(Gad et al., 1998, 2000), but also actin polymerization synaptojanin, possibly in concert with other inositol lipid
(Bernstein and Bamburg, 1989; Brodin, 1999; Gad et al., catabolizing enzymes, may help in down regulating and
2000), are regulated by nerve terminal stimulation. One turning off these effects.
may anticipate that the coordinated recruitment and/or
activation of PIPKI and synaptojanin 1 may play a role Experimental Procedures
in this regulation via the resulting changes in PI(4,5)P2
Antibodieslevels on synaptic membranes. Accordingly, we have
Polyclonal antibodies directed against PIPKI were obtained byshown here that PIPKI undergoes dephosphorylation
immunization of rabbits with purified E. coli expressed PIPKI (first
in response to depolarization in the presence of high 635 amino acids) and a 25 amino acid peptide corresponding to
K, suggesting that nerve terminal stimulation (i.e., when sequence 636–662 of mouse PIPKI. The anti-PIPKI IgG fraction
a burst of endocytic activity is needed) may also regulate was purified sequentially on immobilized (HiTrap-NHS, Pharmacia)
baculovirus-produced PIPKI and a protein A column. Antibodiesthe phosphorylation status of PIPKI. Phosphorylation
directed against amphiphysin 1, dynamin 1, synaptojanin 1, andwas shown to inhibit type PIPKI kinases in vitro (Itoh
synapsin 1 were raised in one of our laboratories. The antibodieset al., 2000; Park et al., 2001), raising the possibility
directed against the following proteins were generous gifts: PIPKI
that its stimulation-dependent dephosphorylation may and PIPKI (C. Carpenter, Harvard Medical School), PIPKII (M.
enhance PI(4,5)P2 production. Alternatively, or in addi- Chow, New York University), and synaptophysin (R. Jahn, Max-
tion, cytosolic PIPKI might be recruited to the plasma Planck Institute). Anti-actin antibody was purchased from ICN.
membrane upon nerve terminal stimulation and in con-
cert with the assembly of other endocytic proteins (Slep- Immunocytochemistry
Rat brains were fixed by transcardial perfusion and frozen sectionsnev et al., 1998).
were prepared and immunostained as previously described (DeRecently, a PI 3-kinase was shown to be concentrated
Camilli et al., 1983). Incubation of lysed synaptosomal membranesin clathrin-coated pits, although primarily at the trans-
(P2 fraction of Huttner et al.[1983]) with rat brain cytosol, ATP, and
Golgi network (Prior and Clague, 1999; Domin et al., GTPS was performed as described (Takei et al., 1992). This mate-
2000). Furthermore, binding of this kinase to clathrin in rial, as well as freshly prepared lysed synaptosomes, were then
vitro enhances its catalytic activity, especially against fixed, embedded in agarose, and immunolabeled according to Takei
et al. (De Camilli et al., 1983; Takei et al., 1992).phosphorylated inositide substrates, and in particular
PI(4,5)P2 (Gaidarov et al., 2001). If present at the synapse,
Lipid Biochemistrythis kinase could use the PI(4,5)P2 generated by PIPKI
In vitro kinase assays were performed as described with minorto produce PI(3,4,5)P3 in the membrane of clathrin-
modifications. In a typical reaction, 10–50 g of substrate lipid (syn-coated vesicles. The potential function of PI(3,4,5)P3 in thetic short chain phosphoinositides [Echelon, Salt Lake City, UT]
synaptic clathrin dynamics deserves further investiga- or Folch brain extract [Sigma]) was incubated with cytosol (50 g)
tion. PI(3,4,5)P3, like PI(4,5)P2, binds actin regulatory pro- or recombinant purified PIPKI (10 ng) in the presence of 40 M
teins as well as clathrin adaptors (Hao et al., 1997; Rapo- ATP (10 Ci [32P]ATP per assay) for 20 min at 37	C in a total volume
of 50-100 l. Reaction products were extracted and separated byport et al., 1997; Sechi and Wehland, 2000) and is a
thin layer chromatography (TLC) using chlorofom:acetone:metha-substrate for synaptojanin (Woscholski et al., 1997;
nol:acetic acid:water (64:30:24:30:13) as a solvent. Deacylation ofCremona et al., 1999).
phosphoinositides and high performance liquid chromatographyBased on our present findings and on previous studies
(HPLC) was performed as described (Kirk et al., 1990). Peaks were
we propose the following model (Figure 8). Clathrin coat identified using internal standards (Cremona et al., 1999; Nemoto
nucleation at synapses involves the interaction of adap- et al., 2000).
tor proteins with both membrane lipids and membrane
proteins. The lipid composition of synaptic vesicles is Miscellaneous Procedures
different from that of the plasma membrane. Most nota- Recombinant PIPKI was purified from insect cells using the bacu-
lovirus Bac-to-Bac system (Gibco) according to manufacturer’s in-bly, synaptic vesicle membranes do not contain, or con-
structions. Tissue homogenization, SDS-PAGE, immunoblotting,tain very low levels of, PI(4,5)P2 a phosphoinositide
and immunoprecipitations were performed by standard procedures.which enhances the affinity of the membrane for the
Brain cytosol and liposomes were prepared according to Takei et.clathrin adaptors. Fusion of a synaptic vesicle with the
al. (1998). Subcellular fractionations of rat brain were performed as
plasma membrane results in lipid intermixing, so that reported by Huttner et al. (1983). Preparations of rat brain synapto-
synaptic vesicle membrane proteins can now act in con- somes and synaptosome stimulation experiments were carried out
cert with PI(4,5)P2 in coat recruitment. Thus, synaptic as described (Bauerfeind et al., 1997).
vesicle membrane proteins and plasma membrane
PI(4,5)P2 may be part of a coincidence detector mecha- Acknowledgments
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